species, however, the parenchyma is largely predominated by interstitial tissue (FAWCETT, NEAVES, and FLORES, 1973; ONYANGO, ODUOR-OKELO and OTIANG'A-OWITI, 1993 ; LEAL, BECKE-SILVA, CHIARINI-GARCIA et al., 2004) . Seminiferous tubules form the spermatogenic tissue of the testis, therefore, its quantitative parameters could be of great importance as indicators of spermatogenic capacity (CALDEIRA, PAULA, MATTA et al., 2010; MELO, SOUSA, COSTA et al., 2013) . In the sengi, information regarding the ultrastructure, quantitative distribution of the components of testicular parenchyma and the various parameters of the seminiferous tubule indicative of spermatogenic activity are generally absent.
The present study aims at providing information on the structure (histological and ultrastructural) and morphometry of the testis in the rufous sengi hitherto unknown, with particular focus to the various seminiferous tubule parameters. The arrangement of testicular vessels and the caudal vena cava was also highlighted and discussed.
Materials and Methods

Animal handling and macroscopic examination
Ten (10) adult male rufous sengis trapped from the areas around Voi town, approximately 350 kilometres south-east of Nairobi, Kenya, were used in this study with due approval by the Kenya Wildlife Service. The animals were trapped in two batches of five animals each. The morphometric study was conducted only in animals in the second batch. After trapping, the animals were immediately anaesthetized in a chamber using diethyl ether. The ventral abdominal wall was then opened and the abdominal viscera deflected to expose the testes, kidneys (together with their blood vessels) and the caudal vena cavae. Subsequently, the arrangement of the testicular and renal blood vessels as well as caudal vena cavae was carefully examined in situ and the images captured using a digital camera. Thereafter, the animal was perfused using 2.5% glutaraldehyde delivered through a canulated left ventricle. The perfusate was drained through a slit made on the right atrium. Subsequently, the testes, kidneys, aorta and caudal vena cavae were dissected out for a detailed scrutiny of the vascular pattern and its relationship to the testes and kidneys. The organs were then immersed on the same fixative then transported to the laboratory in the Department of Veterinary Anatomy and Physiology, University of Nairobi. Animals in the second batch were transported live to the lab where weighing, anaesthesia and sample taking were done.
Tissue processing
For microscopic studies (histology and electron microscopy), the testis was cut into eight slices of approximately equal thickness from which two were randomly selected and further cut into four (quarter slices). One quarter slice was selected from each slice and trimmed into a smaller piece of approximately 1mm 3 (tissue block). For morphometric analysis, the reference volume of testis was first determined using water displacement method (SCHERLE, 1970; MANDARIM-DE-LACERDA, 2003; MAKANYA, WARUI and KARLSON., 2004 ) then the right testis was cut into eight slices of approximately equal thickness from which three were randomly selected. Each slice was further cut into four (quarter slices) one of which was selected from each slice.
The selected tissue blocks and quarter slices were rinsed in 0.1M phosphate buffer, post-fixed in 1% osmium tetroxide, dehydrated in ascending concentration of ethanol, cleared with propylene oxide and then embedded in resin. The embedded tissue blocks and quarter slices were sectioned using glass knives to obtain semi-thin and ultrathin sections from the tissue blocks and only semi-thin sections from the quarter slices. Semi-thin sections were stained with toluidine blue then examined under a Leica DM 500 light microscope with a Leica ICC 50 digital camera (Leica Microsystems, Wetzler, Germany) connected to a computer. Ultrathin sections were mounted on copper grids, stained with uranyl acetate then counterstained with lead citrate and viewed under a Phillips 200 transmission electron microscope.
Morphometry
Morphometric analysis was done following Delesse principle (see WEIBEL, KISTLER and SCHERLE, 1966) . In brief, toluidine-stained semi-thin sections obtained from the selected resin embedded quarter slices were selected at random. From each of the sections, two fields, randomly selected at x400 magnification were photographed and the images saved in jpeg format. Twelve such fields were captured from each animal. Each of the digitized section was opened using adobe photoshop  computer software and a grid made up of 5mm squares was generated and superimposed on the displayed section. The volume density of various testicular compartments was determined using point counting method with the intersections between grid lines serving as points. At least 7500 points were scored for each animal and categorized either as those falling on the seminiferous tubule, interstitial tissue or the tunica albuginea. The volume density of a compartment was derived from the proportion of points falling on that particular compartment out of a sum of all points falling on the entire section. The points falling on the interstitial tissue were further categorized either as those hitting the blood vessels or other interstitial tissue components. The volume of each compartment was determined as a product of its volume density and testis volume. Since testicular density is estimated at about 1 in mammals (JOHNSON and NEAVES; 1981; MELO, SOUSA, COSTA et al., 2013) , the weight of the testis and that of its various compartments was considered equal to the corresponding volumes. The diameter of seminiferous tubules was measured at 200x magnification using an ocular micrometer calibrated with a stage micrometer. At least 20 tubular profiles that were round or nearly round were chosen randomly and measured for each animal. The length of seminiferous tubules was estimated using the formula used in recent publications (CALDEIRA, PAULA, MATTA et al., 2010; CORDEIRO-JÚNIOR, COSTA, TALAMONI et al., 2010; MELO, SOUSA, COSTA et al., 2013) .
Statistics
All statistical analyses were performed using sigma plot 12.0 (Systat Software, Inc. SigmaPlot for Windows). The volumes of the left and right testes were compared using student t-test. The estimated values for the volume and volume density of various testicular compartments in different animals were compared using one-way ANOVA. All data was presented as mean ± SEM. P < 0.05 was considered significant.
Results
Macroscopic examination
The testis
The animals for this study were adults weighing on average 41.8 ±1.49 g. The testes were located caudolateral to the kidney, with their cranial poles positioned dorsolaterally to the caudal pole of the kidney (Figure 1a ). They were roughly cylindrical in shape, their long axes oriented cranio-caudally and each had caput epididymis attached along the entire dorsolateral surface.
The testicular blood vessels
The testicular arteries branched off, almost perpendicularly, from the renal arteries (Figures 1b and c ). Each testicular artery followed a straight course in a caudolateral direction to the respective testis into which it entered midway along the medial border. The arteries did not exhibit any convolutions or close association with any vein.
The testicular veins also followed a straight course and, immediately after exiting from the testes, each received two tributaries; one from the cranial and the other from the caudal direction (see Figures 1a, d and e ). The cranial branch drained blood from the caput epididymis while the caudal one originated from the corpus epididymis. After receiving these epididymal veins, each testicular vein ran straight to the ipsilateral caudal vena cava without forming a pampiniform plexus or showing any intimate association with the testicular arteries.
The caudal vena cavae
Caudal to the kidneys, there were separate right and left caudal vena cavae, each receiving ipsilateral testicular and renal veins (see Figures 1a, d and e ). After receiving the renal vein, the left caudal vena cava crossed to the opposite side to join the right one forming the common caudal vena cava, which then extended cranially to eventually drain into the right atrium.
Microscopic structure
The testicular parenchyma, bound by tunica albuginea, was predominated by seminiferous tubules interspersed with the interstitial tissue that generally occurred at the angles where three or four seminiferous tubules approximated each other, with thin strips extending into narrower spaces between two adjoining tubules (Figure 2a ). Interstitial tissue also occurred beneath the tunica albuginea, distributed in spaces/angles formed between peripheral tubules and tunica albuginea (Figure 2b ).The seminiferous epithelium comprised of spermatogenic cells at various stages of spermatogenesis. Spermatogonia occurred at the base of the epithelium while advanced spermatogenic cells were located further away from the base (Figures 2c and d) , all supported by Sertoli cells (Figure 3a ). The Sertoli cell appeared rather tall, spannning the entire thickness of the epithelium with lateral ramifications enveloping spermatogenic cells. Its nucleus, mainly located towards the base, had several deep indentations (Figure 3b ). Type A spermatogonia, resting on the basal lamina, had their long axes running parallel to the tubular wall while advanced stages of spermatogenic cells, generally exhibiting interconnections via cytoplasmic bridges (Figure 3c ), were located further away from the base. Cap phase spermatids showed profiles of rough endoplasmic reticulum aggregated towards the caudal pole close to the developing tail and peripheral mitochondria distributed towards the anterior pole (see Figure 3c ). The seminiferous tubules were bound externally by peritubular tissue with a single layer of myoid cells. The myoid cells were elongate and ran parallel to the tubular wall (Figures 3b and d) .
The Leydig cells were closely packed and appeared to, more-or-less, fill the inter-tubular spaces interspersed with blood vessels. They were generally polyhedral in shape with a cytoplasm characterized by abundant lipid droplets (Figure 3e ). In the interstitial tissue extending into narrow spaces between two adjoining seminiferous tubules, the Leydig cells appeared elongate with rod shaped nuclei (see Figure 3d ).
Morphometry
Biometric data of rufous sengi (E. rufescens) and various testicular morphometric parameters are shown in Table 1 . Comparative seminiferous tubule parameters for rufous sengi (E. rufescens) and a few other mammals are shown in Tables 2 and 3. The mean testicular volume was estimated at 0.089 ± 0.0031 (Table 1) with the volumes for left and right testes being similar. The seminiferous tubules had a mean diameter of 210 ± 5.7 µm and occupied 89.4 ± 0.8% of the testis volume, translating into a volume of approximately 0.079 ± 0.0028 cm 3 which significantly correlated to the mean testicular volume (r = 0.966, p<0.05). The tubule length was estimated at 2.27 ± 0.09 metres for each testis translating to 28.9 ± 1.54 metres per cm 3 of testis (Table 2) . In relation to the body mass, there was 0.0038 cm 3 of the total volume of seminiferous tubule per gram body weight. Since the volume of seminiferous tubules can be used as an estimate of its weight (MELO, SOUSA, COSTA et al., 2013) , this value was used to obtain the tubulosomatic index (0.38 ± 0.3 %) ( Table 3 ). The interstitial tissue occupied 8.9 ± 0.81% of the testis which translated into a volume of 0.0079 ± 0.00083 cm 3 . Out of the interstitial tissue volume, 9% was occupied by the blood vessels.
Discussion
Mammalian testes develop in the abdominal cavity in a cranial position relative to the kidneys (MOORE and PERSAUD, 2003) but descend, in a majority of mammals, to the scrotum. In the elephant, the testes are located caudo-medial to the kidneys (SHORT, MANN and HAY, 1967) while in the sengi and rock hyrax, they are situated caudo-lateral to the kidneys (GLOVER and SALE, 1968; WOODALL, 1995) .
The testicular blood supply plays an important role in the mammalian testicular thermoregulation through arteriovenous counter-current heat exchangers that cool the arterial blood to the testes. In scrotal mammals, such a countercurrent heat exchanger is formed along the spermatic cord by the close association between the highly convoluted and branched testicular artery and the pampiniform plexus of the testicular vein (SETCHEL, 1991; DYCE, SACK and WENSING, 2002) . In cetaceans, the arterial blood is cooled by the arterio-venous counter-current heat exchanger formed by the juxtaposition between the testicular arterial plexus and the subcutaneous vein from the peripheral surface of the dorsal fin and flukes (ROMMEL, PABST, McLELLAN et al., 1991 PABST, ROMMEL, MCLELLAN et al., 1995) . In the phocid seals however, the testes are cooled, not through the cooling of testicular arterial blood but by the venous plexuses lining the inguinal region, pelvic and abdominal cavities which receive cooled venous blood from hind flippers (BLIX, FAY and RONALD, 1983; ROMMEL, EARLY, MATASSA et al., 1995) . In the sengi and other afrotherians, testicular vessels exhibit a simple pattern without any sign of intimate association between the testicular arteries and testicular or any other veins, indicating that these vessels play no role in testicular thermoregulation (SHORT, MANN and HAY, 1967 ; GLOVER and SALE, 28.9 ± 1.54 Interstitial tissue:
Volume density(%) 8.9 ± 0.008 Volume per testis (cm 3 ) 0.0079 ± 0.0008 PABST and McLELLAN, 2001) . This confirms that there is no cooling of arterial blood to the testes of primary testicondids and on the basis of their location, it is justifiable to assume that their testes are adapted to function at core body temperature (WERDELIN and NILSONNE, 1999) . Since afrotheria is the most basal clade on the phylogenetic tree of placental mammals (KLEISNER, IVELL and FLEGR, 2010) , it is probable that this pattern, together with the intra-abdominal position of the testes, represents the ancestral eutherian state. The pattern of caudal vena cava in the sengi, where it is double caudal to the kidneys, is similar to what has been reported in the manatee; a member of the super order afrotheria (ROMMEL and CAPLAN, 2003) . This feature is most probably a result of the persistence of the post renal portion of the left supracardinal vein which usually disappears in other mammals (WALKER and LIEM, 1994; MOORE and PERSAUD, 2003) , while the segment that crosses to the right side to connect the left caudal vena cava to the right one is most probably derived from the left sub-supracardinal anastomosis. The common caudal vena cava, as it applies in sengi, likely corresponds to the segment derived from the right subcardinal and the right hepatic veins. Incidental double caudal vena cava has also been reported in other mammals as an aberration (EVANS, 1993; MOORE and PERSAUD, 2003; CORNILLIE and SIMEONS, 2005) .
The microscopic structure of sengi's testis reflects the general mammalian features, exhibiting complete spermatogenesis in spite of its intra-abdiominal location. Sertoli cell is a tall pyramidal cell that spans the entire thickness of the seminiferous epithelium, with several lateral extensions that envelope several spermatogenic cells. This study has similarly demonstrated Such an outline of Sertoli cell and serves as a good structural indicator of the importance of this cell in coordination of spermatogenesis, protection and support (physical and metabolic) of the germ cells, besides the role in maintenance of the structural integrity of the seminiferous epithelium (COUROT, REVIERS and ORTAVANT, 1970; BARDIN, GUNSALUS and CHENG, 1993) .
The organization of sengi's spermatogenic cells was in conformity with what is generally found in mammals, where spermatogonia are confined to the basal compartment of the seminiferous epithelium and rest on the basal lamina while the successive stages are displaced to various epithelial levels away from the base (RUSSELL, ETTLIN, HIKIM et al., 1990) . Spermatocytes arise after several mitotic divisions of spermatogonia and in turn undergo meiotic divisions to give rise to spermatids. The spermatid is a haploid cell that undergoes several stages of differentiation (spermiogenesis) to give rise to a mature spermatozoon. The events leading to this transformation were demonstrated in this study, and included reorganization of cell components to form specialized structures such as the acrosome and flagellum. The displacement of rough endoplasmic reticulum fragments to the caudal pole and mitochondria towards the cranial pole in cap phase spermatids is likely an indication of reorganization and segregation of cellular structures such that those destined to be rid of in cytoplasmic droplets are displaced caudally while those to be preserved, mainly the mitochondria, are at this stage segregated towards the cranial pole. The seminiferous tubules are enveloped by the peritubular boundary tissue that contains myoid cells occurring in one or more layers depending on the species (MAEKAWA, KAMIMURA and NAGANO, 1996; AIRE and OZEGBE, 2007) . In the rufous sengi, boundary tissue contained a single layer of myoid cells, similar to what has been reported in rats, mice and hamsters (MAEKAWA, KAMIMURA and NAGANO, 1996) .
Mammalian Leydig cells are generally polyhedral with spherical to ovoid nuclei and, since they are involved in steroid biosynthesis, their cytoplasm is characterized by abundance of mitochondria and presence of lipid droplets (EURELL and FRAPPIER, 2006) . In the rufous sengi, Leydig cells were also polyhedral with irregular nuclei and their cytoplasm had numerous lipid droplets serving as one of the indirect indicators of their role in biosynthesis of steroid hormones. The Leydig cells found in narrow spaces between two adjoining seminiferous tubules were elongate with rod shaped nuclei. On this structural basis, it is plausible to suggest that besides their polyhedral shape, Leydig cells can vary their shape and that of their nuclei to conform and fit into available space.
The organization and quantities of various components of testicular parenchyma show variations between mammalian species (FAWCETT, NEAVES and FLORES, 1973) . In the rufous sengi, seminiferous tubules contributed more than 89% of the testicular volume with the interstitial tissue representing less than 9%. The proportion of testis volume occupied by the seminiferous tubules, like that reported in the domestic cat and goat, is in the upper level compared with other mammals studied (FRANÇA and GODINHO, 2003; LEAL, BECKE-SILVA, CHIARINI-GARCIA et al., 2004) . The results therefore confirm the earlier reports, with backing from quantitative analysis using stereology, that sengis have little interstitial tissue (ASDELL, 1964) .
Seminiferous tubules constitute a testicular component directly involved in spermatogenesis. Its measurements have therefore been used as one of the indicators of spermatogenic activity (MELO, SOUSA, COSTA et al., 2013) . The mean diameter of seminiferous tubule in the rufous sengi (E. rufescens) fell within the range observed in mammals studied (LEAL, BECKE-SILVA, CHIARINI-GARCIA et al., 2004; CALDEIRA, PAULA, MATTA et al., 2010; COSTA, MATTA, GOMES et al., 2011; MELO, SOUSA, COSTA et al., 2013) while its estimated total length of 4.54 in both testes is close to that reported in Hyalaeamys megacephalus, a mammal of almost the same size, (MELO, SOUSA, COSTA et al., 2013) . To make the estimate on total tubule length independent of body size, this parameter is converted to length per gram of testis (MELO, SOUSA, COSTA et al., 2013) . In our study, the conversion was reported as length per unit volume (in cm 3 ) of testis so as to indicate the amount in length, of the spermatogenic tissue, contained within a unit amount of space provided by the testis (although the value will be the same as that of length per gram of testis bearing in mind that the volume of the mammalian testis is approximately equal to its weight). Thus, rufous sengi presented 28.9 ± 1.5 meters per cubic centimeters of testis which, when expressed as meters per gram of testis, is higher than that reported in a number of carnivores (CALDEIRA, PAULA, MATTA et al., 2010; SILVA, COSTA, ANDRADE et al., 2010) , wild boar (ALMEIDA, LEAL and FRANCA, 2006), the goat (LEAL, BECKE-SILVA, CHIARINI-GARCIA et al., 2004) and the brown brocket deer (COSTA, MATTA, GOMES et al., 2011) but similar to that reported in large-headed rice rat, Hyalaeamys megacephalus (MELO, SOUSA, COSTA et al., 2013) . Some studies indicate that this parameter is directly proportional to sperm production (MACHADO JUNIOR, ASSIS NETO, SOUSA JUNIOR et al., 2011) and in this regard, it is apparent that sengis and rodents have high sperm production as compared to several other mammalian groups (see Table 2 ), although more comparative data is required to support this statement.
Gonadosomatic index quantifies investment in gonads relative to body mass and is a useful reproductive indicator (MELO, SOUSA, COSTA et al., 2013) . Since seminiferous tubules forms the compartment that is directly involved in spermatogenesis and its proportion in the testis may vary between species, it might be more appropriate to use tubulosomatic index, which quantifies investment in this compartment relative to body mass, as an indicator of relative spermatogenic activity (CALDEIRA, PAULA, MATTA et al., 2010; MELO, SOUSA, COSTA et al., 2013) . The Tubulosomatic index of 0.38% observed in the rufous sengi is high and falls within the range observed in promiscuous animals (MELO, SOUSA, COSTA et al., 2013) . Although greater investment of body mass to seminiferous tubules may be expected in smaller animals such as rufous sengi compared to larger ones, such a high tubulosomatic index was not expected in this animal given earlier reports on behaviour that have established sengis as monogamous animals (RATHBUN and RATHBUN, 2006) . This result could be taken to mean that this species of sengi may be facultatively monogamous and may exhibit polygamy as has been reported in bushveld sengi, Elephantulus intufi (RATHBUN and RATHBUN, 2006) . This explanation alone may not be adequate to justify such a high tubulosomatic index that is even higher than that of established promiscuous animals such as Hyalaeamys megacephalus (MELO, SOUSA, COSTA et al., 2013) . It could be postulated that such a high indicator of spermatogenic activity is an adaptive strategy of testicondid mammals to increase chances of producing viable spermatozoa given that their testes are located in a rather 'hostile' intra-abdominal environment. More studies are however needed in sengis and other testicondid mammals to verify this.
Conclusion
In general, the structure of sengi's testis conform to the general feature in mammals but the pattern of testicular vessels do not since they are straight and unspecialized without thermoregulatory role, reflecting what has been reported in other afrotherian mammals. Being basal eutherian clade, the location of testes and the simple pattern of testicular vessels in afrotherians possibly reflect the ancestral eutherian state. The morphometric data also generally agrees with earlier reports that sengi testis have less interstitial tissue. In this report, however, such a conclusion is backed by quantitative analyses. The seminiferous tubule parameters such as tubulosomatic index suggest a very high spermatogenic activity than expected in such an animal established as being monogamous. The double caudal vena cava is most likely a result of retention of the left post-renal segment of the supracardinal and left sub-supracardinal anastomosis.
